CHAPTER III
Anion sensory studies of amide ferrocene calix[4]arene derivatives
3.1 Introduction

Anion recognition is an area | in the field of biological systems®,
environmental pollutants®™ and chelil .)ntly, anion chemical sensors play
important roles in fundamental ‘@

iples of supramolectilar chemistry. Artificial molecules

were constructed in the part.efafion-binding si > the sensory unit. Generally,
designed sensory molecule: e the capacity for hydrogen
bonding and electrostatic 4 nsory units that can gives

electrochemical or optical siga

G = Cationic, anionic a# oup ‘ edox / Photo-active)

Figure 3.1.1 Depicth concept of electroc emical/optfml recognition®”

Moreover, ditepi ‘ﬁ m ing simultaneous cation and
anion recognition. d@uﬁm eﬂm' 0 (U:Iﬁi:binding ability using
ion pair interactions. Many molecules émployed calixf4]arene framework as a building
blockin ord@oﬁg%alﬁbmiﬁ M@ﬂ%ﬁ&%ﬁr&mw molecule.
Calix[4]arene%s a popular building block because it can be derivatized on both lower and
upper rims. For instance, Ungaro and coworkers® reported calix[4]arene-based heteroditopic

receptors having the cation binding site of tetraamide on the lower rim and the anion binding

site of monothiourea on the upper rim. (Figure 3.1.2)
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The tetraamide group on thed@ ssociation constants of ligand

3.2 in the presence of Na* g value than those of 3.1 in the

absence of Na* because the YleXes « imide give the influence of electron-
withdrawing on NH group digéctly. dn'cos ras | ;\- exes of ligand 3.2 in the presence
of Na*. Ligand 3.1 has a 3 &bﬁ een the.arc ~\‘ part and the thiourea unit. This

spacer prevents the electron-with ""_ ard Fl proton resulting in no change of
anion binding properties compa ed 5 the free T 1. Both ligands bind cation and anions
simultaneously using the enhane: : 0 : ability via ion pair interaction.
Nevertheless, the heterec riing the cationic and anionic
binding sites on the same Side w the binding ability using ion pair

interaction. Beer and cowo ers designed the heteroditopic thenium (I) and ruthenium (1)

bipyridyl callx[4]arPTﬁ g) ?WWNﬂTEIW aﬁemes (Figure 3.1.3)
m\ B m 188

M = Re(CO);, (bipy),Ru**(PFy ),

Figure 3.1.3 The heteroditopic receptors based on calix[4]arene
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They reported that these ligands bind Li" and Na' strongly at ethyl ester groups.
Moreover, the anion affinity in the presence of lithium and sodium cations was enhanced in
case of bromide and iodide, possibly via ion pair interactions. However, the stability
constants show higher values in the presence of Na'.

Jurczak and coworkers have developed an amide-based macrocyclic sensor for

..--r_.'_,.-""l_'__ r‘f

Figgure 3.1.5 Cgi:_rdurchang&s mducedbyﬂ&‘

ions. From left to right

(in acetonitrile) Li 2PO4, L+HSOy.

!
They found that the li d shown in Figure 3.14 bind all anionic species in the

stoichiometry of 1:1 l{ 3CN or DMSO. The
stability constants ﬂhﬂﬁlmjm wﬂm affinity for anions in
CH:;CN. Additio f the solutiofl changes bind F, AcO”
and H,POy, . h}ﬁl ﬁ al ﬁ ‘aﬁeﬁ ﬁﬁm because the
different color dlsplays upon addition of various anions (F, AcO" and H,POy’) as shown in

Figure 3.1.5

Many researchers have synthesized anion sensor based on metallocenes which can act
as electrochemical sensory devices. In particular, the immobilisation of redox-responsive

receptor systems on electrode surfaces.’*® In 2002,%° Barrio and coworkers prepared an

12091Q%% 5
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anion sensor based on a pyrrole-cobaltocenium receptor (3.5, Figure 3.1.6) and studied the
electrochemical recognition of anions such as H,PO,, HSOy4, CI and Br. Electrochemical
properties of complexes of ligand and anions in solution and in immobilization on electrode
are different. It was found that the electrochemical recognition of anions on the modified
electrode showed larger cathodic shift than those of anions in solution and this receptor

prefers to bind H,POy4 ™ in both systems.

PFy

ferrocene unit exhibits good elect '.»i-e-—-

Additionally, the cyclopefhad iene. Mj‘w

can also be used as eléctioe!

W .
recognition of upper-rim c tocer s and found that they formed

complexes with carboxylate amons dihydrogen phosphate and halide anions to a different
extent. Recently, olecular chemists. It is
due to its potentldﬂuﬂﬁ mhﬁn?ﬂlﬂtrac ion or metal-controlled anion
sensing devi ﬁ ‘ﬁ’ ivatives having
the amide fi ﬁ ﬂ]ﬂl‘a{)ﬁm u‘ﬁtﬁ wﬂﬁ (Elmon and cation
recognition, respectlvely We also studied electrochemical properties of the synthesized

compounds before and after addition of anions.



3.2. Experimental section

3.2.1 Synthesis of Calix[4]arene Derivatives

3.2.1.1 General Procedure

3.2.1.1.1 Analytical Measurment

Nuclear Magnetic Resona “ tra were recorded on Bruker ACF

200 MHz and 400 MHz as we | as JMN (Jeol) spectrometer. All chemical shifts

2400 series II) by ignitio ; ] s as 4 y separated by frontal analyses
and quantitatively detected lermals ce ivi tor. All melting points were
nd rected. Mass spectrometer results
were recorded on Micromass LCT. Electiospray

e

X-Ray data ywds collected on En

e of Flight Mass Spectrometer.

appaCCD area detector

o' monochromatised Mo-K=

diffractometer (¢ scansand @ scans to fill
radiation. Data collectio&nd cell refinement were carrieﬂ)ut by Denzo.”” Absorption

correction was applied by SORTAV.”" Thefstructure were solved and refined by full-

BN - LR TR T e s

U

RN 50 191N

Unless otherwise noted, all materails and solvents were standard analytical
grade, purchased from Fluka, BDH, Aldrich, Carlo Erba, Merck, J. T. Baker or Lab scan.
They were used without further purification. Commercial grade solvents such as acetone.
dichloromethane, hexane, methanol and ethyl acetate were purified by distillation.
Acetonitrile and toluene were dried over CaH, and freshly distilled under nitrogen prior

to used. DMF was dried with CaH,, distilled under reduced pressure and stored over
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molecular sieves 3 A or 4 A under N,. Standrad Schlenk line technique was employed
for all experiments. Column chromatographic operations were carried out on silica gel
(Kieselgel 60, 0.063-0.200 nm, Merck). Thin-layer chromatography (TLC) were
performed on silica gel plates (Kieselgel 60 Fass, 1 mm, Merck), p-tert-butylcalix[4]arene

and calix[4]arene were was prepared according to published procedures.’®

AULINENINYINS
ARIANTAUNNINGIAY
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3.2.1.2 Experimental procedure

3.2.1.2.1 Prepatration of 26, 28-dimethoxycalix[4]arene (1a)”’

la

»CO; (0.1512 g, 1.09 mmol) was

the mixture was heated at reflux

""ﬂ-..
\\\\ evaporator. The residue was
\\ W\ W
dried over anhydrous NaS@,. 0 ' r \\ \ \
i \\\ .

evaporator. Upon adding CH;Q! \\ ound 1a precipitated (0.397 .

overnight. The mixture was cog
K>COs off and then the filtrate

dissolved in dichloromethane an

e reaction was filtered to take

es. The organic layer was

reduced by using a rotary

87.77% yield).

Characterization data for 1a

'"H-NMR spectrum (200.N

d 7.72 (s, 2H, OH), 703163 (m, 12H, ArH), 4.33 anjBi42 (d, J = 13.2 Hz. 8H.

“‘C”"‘”””ﬁﬁﬁqmmwmm
AMIANTAUUNIINYAY
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3.2.1.2.2 Preparation of 26,28-dimethylethylestercalix[4]arene (1b)
H3CH,C O/CHoCH3

BrCH,COOCH,CHj
K,CO3, CH;CN, Reflux

Calix[4]arene (1.0 g, 2.36 ni (2.50 g, 23.6 mmol) was suspended
in CH3CN (15 mL) and the mixture was sti temperature for I h. Bromoethyl
acetate (0.87 g, 5.20 mmol) was then2 ‘ ednixture was heated at reflux for 4 h.
The mixture was cooled to rgem tempe ‘ eaction was filtered to take K>CO; off
and then the filtrate was cog pated \‘\ he residue was dissolved in
dichloromethane and washedéwigh sagirs ‘- [4C) 3 es, The organic layer was dried
as reduced by using a rotary

obtained (0.801g. 57%).

over anhydrous NaSO,.

evaporator. Upon adding CH
Characterization data for 1b

'"H-NMR spectrum (20 0.M

Yy )

3 7.57 (s, 2H, OH), 7043 J =747 Hz, 4B m-rHOR)m89 (d,J=7.41 Hz. 4H. -
ATrHOH), 6.76- 6 “ArHOR an A&IIOH) S, i ArOCH--). 4.46 and
ms iEt 1 Tigta b S
HZ 6H -OCH2CH3

ARIAINTU NN INYA L

Melting poinft: 180 °C
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3.2.1.2.3 Preparation of 5,7-dinitro-26,28-dimethoxycalix[4]arene (2a)

H,C SCH;

NaNO,, HCl, La(NO5);6H,0 YV
CH2C12, Hzo \

=y
=¥
2.
=
5
(¢}
]
L)
&
o
—~
W
g
E
W

C1 (55 mL). The mixture was stirred
overnight at room temperatu ic éhre turned yellow. The aqueous

layers were then separate

combined and washed wi ) and dried over anhydrous

Na,SOy. The solvent wa d the product was crytallized

by adding hexane to give p > 320 k& decomposed.

Characterization data f

8 8.93(s, 2H, -OH), 8.04%5, 4H, HArNOS) 6.94(d AH 72 B/ OCH;, J = 7.2 Hz). 6.85-
Vi A

6.77 (t, 2H, p-HAr-OCHjs
4.02 (s, 6H, -OCHs).

e o AL AT N TNEN S
PIAIATUAMINYAE

ﬁ? AB system, J = 13.3 Hz).
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3.2.1.2.4 Preparation of S5,7-dinitro-26,28-dimethylethylestercalix[4]arene
(2b)
H3CH2C\ O/CH2CH3

NaNO3, HCI, La(NO3)3 6H,0
CH,Cl,, H,0" -

To a solution (CH,Cl
(3.15 g, 5.26 mmol) was ad
(NO3)3.6H,0 in a mixture ©

imethylethylestercalix[4]arene (1b)

@l) and a catalytic amount of La

neentratéd HCI (14.3 mL). The mixture

Yy \\; p in a similar fashion as 2a

was stirred overnight at r@

to give a yellow solid 2b

5 8.90 (s, 2H, -OH), 8.0k, (s, 4HJ O-AtH-NO») 834 Hz, m-ArH-OH). 6.84 (1.
J = 6.44 Hz, 2H, p-AH-ORY; 467 (5 4H; OCH i 3.49 (dd, J = 13.32 Hy.

8H, AB system), 4.35 (q, J = 7.1 » .39@,J=8.7 Hz. 6H. -CH-CH-)

wemeren 2P ¢ 3N ﬂ NINYINT
q RIAINTNU IR NN Y
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3.2.1.2.5 Preparation of 5,7-dinitro-25,26,27,28-tetramethoxycalix[4]arene

(3a)
O OH OH
4 s Mel, K,CO4, DMF
G 60°C
NO,NO,
2a

A solution (DMF, 10 mL) of initro-26,28-dimethoxycalix[4]arene (2a)
(0.2713 g, 0.5 mmol) and K»CO; (0.6
h. CH3I (0.50 mL, 8.00 mmo

days. After the mixture wa

as stirred at room temperature for |
1xture was heated at 60 °C for 7
he solvent was removed under
reduced pressure. The resi ) and washed with water
and brine (2x30 mL) and t
using a rotary evaporator.

(0.203g.;71% yield).

he solvent was removed by

,»-a white solid 3a precipitated

Characterization data for

'H-NMR spectrum (200 MHz, CDCL): 3 (in ppi

— ]
S 8.19-6.43 (m, 10H, Ark (d, each J = 13.3 Hz. 8H.

ArCH-Ar), 3.85-3.72 (m, EII -OCH;) [.d

ESI-TOF mass sp@mu &{g\lﬂ ﬂmﬁ[wﬂ :]/zﬂ ‘j
Memngp(ﬁ‘ﬁ&ﬂﬂﬂﬁm UAIINYIA Y
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3.2.1.2.6  5,7-dinitro-25,26,27,28-dimethoxydimethylethylestercalix[4]arene (3b)
H3CH2C\ _CHyCH;
0]

— fo
A

\\\.
\\/)

BrCH,COOCH,CHj3
NaH, DMF, 60°C

room temperature for 1 h. Bromoethyl.# m, 3.0 mmol) was then added

and the mixture was e reaction was worked up

corresponding to the cllow solid 3b (0.436g. 61%).

Characterization dat

ﬂ«lg-li i
'H-NMR spectrum (200 ’ B@ 5 (in'pf
Bio
e
8 7.83-7.08 (m, 10H, H-Aromatic), 445 (s, 4H, -OCH,CO-), 4.32-4.21 (q. 4H. -

== .-NJ#J"
OCH-CH3, J = 7.2 Ha), 1 d rﬁ system), 1.34-1.27 (1d.

6H, -CH,CHs, J = T -and b5 Hay— ]

1y

tal
Elemental Analysis: o

Anal. Calcd fo@ld;g%!z@ y.|63 86?!1,? fy @ 3/9]2ﬂ ‘j
AR AN INYaY

P
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3.2.1.2.7 Preparation of 5,7-dinitro-25,26,27,28-dimethylethylestercalix[4]arene (3¢)

H,CH, CH,CH;,
o CH2CH; C\o /

BrCH,COOCH,CHj;
N82C03, CH3CN, Reflux

(2b) (0.60 g, 1.0 mmol) and Na,€O; (1. ‘ 104.mMol) was stirred at room temperature
hen added and the mixture was
refluxed overnight. The mi yed.to cool*to room temperature and Na>CO;
ated using a rotary evaporator. The
residue was dissolved in C :. he organ hase was then washed with
saturated NH4Cl 3 time ‘ \ 1 over anhydrous Na-SO;. The
solvent was removed un ompound 3¢ precipitated as a
G < g

Characterization data for 3c TR I

'"H-NMR spectrum (200.MHz, CDCls): & (in ppr J
8 8.90 (s, 2H, OH), 8.01 (s, 4Hsun-ArHOH), 699 (d, J = 6.97 Hz m-ArHOR). 6.89-6.80)

(m, 2H, p-ArHoﬂ uﬂ%{%‘ﬂﬁ wsﬂcﬂsﬂ jd, J = 13.3 Hz. 8H.

ArCH,Ar), 4.40-4.2g (g, J=7.17 Hz, -QCH,CH,), 1.35, (t, J =7.13 Ha,,6H. OCH,CH-)

FRIANNIUNRTINEIA L

Melting poirt: 190 °C
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3.2.1.2.8 Preparation of 5,7-diamino-25,26,27,28-tetramethoxycalix[4]arene (4a)

CH,
B =
O 0 o

\ A Ra-Ni, HyNNHy. HyO
g EtOAc, MeOH, Reflux

h. and allowed to cool to

reduced pressure. The resi red in CH; and extracted and washed with

Y — '
8 7.04-6.43 (m-br, 6H, Al NH»), 4.26-2.91 (m. br. 20H.

OCHj; and AB system).

‘o

ES-TOF mass spﬂJnJi: gﬂ;ﬂl\lgélsmg(ﬂxﬂ )er-] ‘j

¢ o

RINNIUUNININY
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3.2.1.2.9 Preparation of 5,7-diamino-25,26,27,28-dimethoxy dimethylethyl

ester calix[4]arene (4b)
H3CH,C _CH,CHj
0

(6] O
H3C CH3
Ra-NilﬂzNNﬂz' H20
4 EtOAc, MeOH, Reflux
/

NO,NO;

3b
5,7-Dinitro-25,26,27,2

lestercalix[4]arene (3b) (0.714 ¢
__.‘

ixture of ethylacetate (38 mL)
equently added. The mixture was
refluxed for 2 h and allowed &6 . ) temperature. The reaction was worked up as

described previously (4a). Compound b was obtaine White solid (0.628 g. 96%).

5 7.22 (d, 4H, m-HAr-OCH{ J = 6.9 Hz), 6.93-6.8 )-HAr-OCH, J = 7.2 Hz).

). W 3alHz and s, 4H, o-CH-CO-).
4.30-4.20 (q, 4H, -OCHz(Eh, J=0 3.46 (SBH, -OCH3). 3.10 (d. 4H. AB
system, J = 12.8 Hz), 1.33-1426,(t, 6H,-OCH,CHjs, J = 7.1 Hz).

AUYINENINYINT

ESI-TOF mass speﬂ‘rum CigH4oN>0g ‘655 70 ([M+H+]) m/z.

ARIAINTUUNRIINYIRE

Elemental Analysis:

W
o
\e)

N
w
N
=
$
T
>
i
Z.
1

|

Anal. Calced.for C33H4oN,O05: C, 69.71 ; H, 6.47 ; N, 4.28
Found : C, 69.71 ; H, 6.25 ; N, 4.26.
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3.2.1.2.10 Preparation of 5,7-diamino-25,26,27,28-tetramethylethylestercalix[4]

arene (4c)
H 3CH2C\O o <CH2CH3
0=C< =0
Tt HZ(I: o
O OH HyCHAC™ j]/\ CHACHx
Ra-Ni, H,NNH3. H,0
? j) EtOAc, MeOH, Reflux -
NONO;
3c :
5,7-Dinitro-25,26,27,28-tetrame ix[4]arene (1.47 g, 1.52 mmol)
(3¢) and Raney Ni (1.52 g ixture of ethylacetate (58 mL) and
CH3O0H (42 mL). Hydrazine (6 as $ub £y ed The mixture was refluxed

for 2 h. and allowed to cog ( emperature. reaction was worked up as

1s.a white solid (1.15g, 95%).

8 6.69-6.59 (m, 6H, m-ArH( | (s, 4H, 0-A 4478 and 3.10 (d, J = 13.1 Hz.
8H, AB system), 4.70 5{“ BFOCH,-). 4.18 (q. J = 7.1
Hz, 8H, 0-CH,CH3), 1.26EJ= : Iﬂ

o o 4 BRINE?
AMIANTAUUNIINYAY
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3.2.1.2.11 Preparation of 5,7-diamideferrocenyl-25,26,27,28-tetramethoxy calix
[4]arene (5a)

mixture of tetramethdxy-
diaminocalix[4]arene ( riethylamine (0.5 mL) in
dichloromethane (30 ature under N-. 1.1-Bis
(chlorocabonyl)ferrocene ich romethane (30 mL) was
transferred into the mixturg vi e mixture was stirred at room temperature
under N for 4 h. It was th _ eral portions of H,O. The organic layer
{ oved under reduced pressure to
afford a dark red residue which was ._::; oh a silica gel chromotography column.
Compound 5a was eluted 0% E OAc in CH-Cl> as eluant.
Compound 5a is an ora ‘WE:'Z_‘:‘__ :‘ als pf 5a were obtained by

nm' compound Sa.

slow diffusion of hexaneﬂo
ﬂumwﬂmwmm
q RIAINTNUURIINYAY
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Characterization data for 5a
'"H-NMR spectrum (500 MHz, d®-Acetone): & (in ppm)

8 8.09 (s, 2H, -NH-(pc)), 7.86 (s, 2H,-NH-(c)), 7.59 and 6.46 (d, J =3 Hz, 4H, -ArH-NH-
(pc)), 7.22 (d, J = 8 Hz, 4H, m-ArH (c)) 7.18 and 7.10 (d, J = 7.5 Hz, 4H, m-ArH. (pc)).
7.01(t, J =7.5 Hz, 2H, p-ArH (c)), 6.93 and 6.81 (t, J = 7.5 Hz, 2H, p-ArH (pc)). 6.47 (s.
4H, -NH-ArH- (c)) 5.00 and 4.83 (m,
(c)), 4.41 and 4.36 (m, 4H, m-CpH i\ / and 3.14 (d, J =13.5, 8H, AB system(c)).

Melting point: 200 °C deécomposed

) ]
AULINENINYINS
PR TUAMINYAE
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3.2.1.2.12 Preparation of 5,7-diamideferrocenyl-25,26,27,28-dimethoxy
dimethylethylestercalix[4] arene (5b)

H3CH2C\O _CH,CHj

0=<X 0] '
H3(‘\ /CH3 o
< a

00 00
A

Into a twe CdeTo edflask; the mixture of dimethoxy
dimethyl ethylester-diamin®ca mol) and triethylamine (1.0
mL) in dichloromethane perature under N-. [.1-Bis
(chlorocabonyl)ferrocene 0. of 2.1 m ; iehloromethane (20 mL) was
transferred into the mixture/via ¢ : 1€ mixtu as stirred at room temperature

under N, for 4 h. It was the sh th seve ortions of H,O. The organic layer

was dried with anhydrous NaSQ, ; L. vas removed under reduced pressure (o
g:r ek
afford a dark red residue which was then place on a sﬂlca gel chromotography column.

e e hZ 2
Compound Sc¢ was eluted front thé ¢ol mn - % EtOAc in CH-Cl> as eluant.

Compound 5b is an orange-sohid-{0-576-5--50%
7

slow diffusion of hexane mto €

v ‘":ﬁ als of 5b was obtained byv
. m compound Sb.

ﬂ'lJEI’EIVIWﬁWMﬂ‘ﬁ
QWWMT]?EU UAINYA Y
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Characterization data for 5b
'H-NMR spectrum (500 MHz, acetane-d°): & (in ppm)

8 8.10 (s, 2H, -NH-(pc)) and 7.88 (s, 2H, -NH-(c)), 7.58 and 6.45 (d, J = 2.5 Hz. 4H. -

ArH-NH-(pc)), 7.43 and 7.04 (d, J = 7.5 Hz, 4H, m-ArH, (pc)), 7.12 (d, J = 7.5 Hz. 4H.

m-ArH (c)), 6.95 (t, J = 7.5 Hz, 2H, p-ArH (c)), 6.89 and 6.82 (t, J = 7.5 Hz, 2H. p-ArH

(pe)), 6.46 (s, 4H, -NH-ArH- (¢)) 5.03 and 4.8

4H, 0-CpH (c)), 4.39-4.37 (m, 4H (i-CpH (p&),4H, (m-CpH (c)), 8H (-OCH-CO-(c and
o &3). 4.07 and 3.05 (d, J = 14 Hz.

4H, AB system (pc)), 3.83 a 9 (d Hz,4H, AB system (pc)), 2.97 (s, 3H. -

Elemental Analysis:

Anal. Caled. for CsoHasN20,0Fe0.5CH-Clo: 4 ' M, 5.28; N, 3.00.
Found: C, 65.28; H, 5.51; N, 3. 197208208 28

AULINENINYINS
PRIAIATUAMINYAE
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3.2.1.2.13 Preparation of 5,7-diamideferrocenyl-25,26,27,28-tetramethyl

ethylestercalix[4]arene (5¢)
H3CH2C\O O_,CH'_':CH;

H3CH,C, - /CHyCH3 Gust . - Ny
\ o - b - H_;CHzc’O\‘(\,o o 0 Oy cnscH:
. s A i NG ¢
H3CH2C/O 00 O /Y CH,CHj3 F O// 75 /"\j )\\‘ O
O S (6] é—— cl
6] / \
NHN
Et3N, CHzClz, RT O:c’ C=0
NHFHZ T 7
A
4c @ Fc@
Sc

diaminocalix[4]arene(4c) .53 nol) “and . triethylamine (1.0 mL) in
dichloromethane (40 ed | at room (e rature under N->.  [.]-Bis
(chlorocabonyl)ferrocen 1 diehloromethane (20 mL) was
transferred into the mixt \

under N, for 4 h. The

was, stirred at room temperature

AW

previously. Crude prod wrified -or ica gel column using 10% EtOAc in

to the procedure described

CH-Cl, as eluant to afford

)

0

AULINENINYINS
ARIAATUAMINYAE
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Characterization data for Sc

'"H-NMR spectrum (200 MHz, CDCls): § (in ppm)

8 7.25 (s, 2H, -NH-), 7.20 (d, J = 6.7 Hz, 4H, m-ArH-OR), 7.09 (t, J = 6.4 Hz. 2H. -
ArHOR), 6.43 (s, 4H, 0-ArH-NH-), 4.87 and 3.22 (d, J = 13.0, 8H, AB system). 4.90 (s.

Elemental Analysis:

Anal. Calcd. for C56H56
Found: C, 64.84; H, 5.40;

Melting point: 227 °C

e

3.2.1.2.14 Preparation m variable high temperature exmriment of 5a and 5¢

Typically,ﬂsuigcﬁ M(ﬂiﬂl&dl\lnr@red in an NMR tube.

Proton resonances were recorded at varigble temperatures, 25 °C, 40 “€,60 °C. 90 "C. 110

°C, 120 Qﬂqa‘qaﬁ @Wcﬁaﬁﬂ@ﬂﬂg} ﬁ §ofc. 0. 100

°C, 120 °C, 140 °C and 150 °C for 5c.
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3.2.2 Binding studies by NMR titration
3.2.2.1 General Procedure
3.2.2.1.1 Apparatus

'H-NMR spectra were carried out on a Bruker ACF 400 MHz and a Varian 300

MHz nuclear magnetic resonance spectrometer. All anion complexation studies were

3.2.2.12 Chemi
All materials and sol ade purchased from Aldrich,

U

AULINENINeINg
ARIAATUAMINYAE
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3.2.2.2 Experimental procedure
3.2.2.2.1 'H-NMR titration studies

3.2.2.2.1.1 Anion binding studies of Ligands (5a), (5b) and (5c) with NBu,Cl,
NBuyBr, NBugl, NBusCOOCH;3, NBuyCOOC¢Hs, NBugH,PO4, NBusHSO4, NBuyNO;

Typically, a 0.0033 mol dm™ solution of a ligand (2x10°® mol) in CD;CN (0.6
mL) was prepared in NMR tubes. . A €

(5x107° mol) in CD3CN was pr ‘ ‘The solution of a guest molecule
was added into the ligand solutionin N bw the ratios in Table 3.2.2.2.1.

U

AULINENINYINS
PRIAATUAMINYAE
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Table 3.2.2.2.1 Volumn and concentration of the tetrabutylammonium salts and the

ligand used to prepare various tetrabutylammonium salts : ligand ratios.

AULINENINYINS

Mole ratio Volumn of 0.1 M Concentration of Concentration of
Guest : Ligand guest in CD;CN guest molecule Ligand
0.0:1.0 0 0 3.333x107
02:1.0 0.004 6.62x10™ 3.331x107.
04:1.0 0.008 1.32x10° 3.289x107
0.6:1.0 0.012 3.268x10°
0.8:1.0 3.247x107
1.0:1.0 3.226x107
1.2:1.0 3.205x107
14:1.0 3.185x107
1.6:1.0 3.165x107
1.8:1.0 3.145x107
2.0:1.0 3.125x107
25:1.0 3.077x107
3.0:1.0 3.030x107
35:1.0 2.985x107
40:1.0 2.941x107

PIAIATUAMINYAE
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3.2.2.2.1.2 Cation binding studies of Ligands (5b) and (5¢) with NaClOy,
KPFg, CsPFg, RbPFg.

Typically, a 0.0033 mol dm™ solution of a ligand (2x10°® mol) in CD;CN (0.6
mL) was prepared in NMR tubes. A 0.1 mol dm™ stock solution of cation molecules
(5x10” mol) in CDsCN was prepared in a small vial. The solution of a cation molecule

was added into the ligand solution in NMR tube according to ratios in Table 3.2.2.2.2.

Table 3.2.2.2.2 Volumn and (@Wn salt and the ligand used to prepare
various cation salt : ligand ratio / ‘
a4 T ——

—

Mole ratio olum 7 M ~ Concent; aton of Concentration of
Guest : Ligand guest'ir i{@ 1&» Ligand
0.0: 1.0 "/ EET AN 3.333x10”
02:1.0 NG 3.331x107.
0.4:1.0 R 3.289x10°
0.6:1.0 *; ; 3.268x10°
0.8:1.0 3.247x10°
1.0:1.0 3.226x107
1.2:1.0 024 "~ 1| 3.205x10”
1.4:1.0 VSR ! 3.185x107
1.6:1.0 ' 03 106x10; 3.165x10°
1.8:1.0 oL o 5.66x10” 3.145x107
2.0:1.0 ﬂ u EJ f%(ﬂ,b] EJ V ‘j Wﬁlﬁtﬂ ‘j 3.125x10°
25:10 g 0.050 ) 7.69x10'3 " 3.077x10'j
3.04,1 ' .030x10"
32;11ﬁf] @ﬂ q fﬁm 3‘ VI IT@MZEI "] ﬂ.%smo3
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3.2.2.2.1.3 Simutanious cation and anion binding studies of Ligands (5b).

Typically, the mixture of a 0.0033 mol dm™ solution of a ligand (2x10°°
mol) and cation species (2x107 mol) in CD3CN (0.6 mL) was prepared in NMR tubes. A
0.1 mol dm™ solution of a anion molecule (5x10°° mol) in CD3;CN was prepared. The

stock solution of anion molecule was added into the mixture solution in NMR tube

according to 0-4.0 equivalence in Table 3.2.2.3.

Table 3.2.2.2.1.3 Volumnes and concent

solution of ligand and

ligand ratios.

cation used t

e tetrabutylammonium salts and the

tetrabutylammonium salts : the
—
e —

‘_-H
Mole ratio ion of Concentration of
Guest : Ligand Ligand
0.0:1.0 3.333x107
02:1.0 3.331x107,
0.4:1.0 3.289x107
0.6:1.0 3.268x10°
0.8:1.0 3.247x107
1.0:1.0 3.226x107
1.2:1.0 TR 3.205x10°
14:1.0 2 3.185x107
1.6:1.0 ¢ 2032 g 5.06x10° 3.165x107
s:10 AU WRYTHHANG 2w
20:10 q 0.040 ) 6.2x10'3 " 3.125x10‘j
2.541 ‘ , 077x10°
3.3;-;:.1ﬁ’-I a q ﬁim u VI rlgj()’[’ﬂ f] a E].030x10'3
3.5:1.0 0.070 1.04x107 2.985x10°
4.0:1.0 0.080 1.18x10 2.941x107
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3.23 Electrochemical studies

3.2.3.1 General procedure

3.2.3.1.1 Apparatus

Cyclic Votammetry and Square Wave Voltammetry were performed using an

AUTOLAB PGSTAT 100 potentiostat. All electrochemical experiments were carried out

in a three-electrode cell designed in- ( ‘# i ing of a working electrode, a counter
electrode and a reference electmﬁ*hh e working€l de was a glassy carbon disk with

a diameter of 6 mm embed electrode was a platinum coil.

Ag/AgNO;s electrodes were use ' € vde 1n acetonitrile solution.

N !
] immersing a silver wire into a
: electrolyte. The working

electrode was polished wit ¥ic A alumina powder, and washed by

A Ag/AgNO; electrode

solution of 0.01 mol dm>

sonication for 5 min in 0.05 o subsequently with a solvent
4.. -

Solutions were kept under N, a ir e carried at 20, 50, 80, 100, 200

500, 800 and 1000 mV/s. The apprgg%d S s were found to be 50 and 100 mV/s

3.2.3.1.2 Chemicalﬁ ) Il

All guest ﬂmﬁﬁ 43 %%ﬁawmrﬂﬂsalw and supporting

electrolyte, tetrabut monium hexaﬂuorophosphate were dried under reduced pressure

RIS TR e
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3.2.3.2 Experimental procedure

3.2.3.2.1 Anion and cation binding studies of Ligands (5a), (5b) and (5¢) with
NBII4COOCH3, NBU4COOC6H5, NBII4H2PO4 and NBll4Cl and those of S¢
and NaClOy

Typically, a 0.001 mol dm™ solution of a ligand (5x10°® mol) in 0.1 mol dm™
supporting electrolyte (5 mL of NBu4PFj in freshly distilled CH3CN ) was prepared. A

Mole ratio ne f [ Mole of guest molecule
Guest : Ligand " D
=7 o -
0.0:1.0 QE"—‘ 0
0.2:1.0 =00 | 1.0x10-6
# e
04:1.0 0 2.0x10°
TR
0.6:1.0 . > , 3.0x10°¢
0.8:1.0 = : 4.0x10°
1.0:1.0 m 5.0x10°¢
1.2:1.0 0.060 6.0x10°°
= s
o YN EYINRING o
1.8:1.0 g 1090 9.0x10°
. ‘ =" QJ 10-5
AR IUIERINEALL
3.0:1.0 0.150 1.50x107
4.0:1.0 0.200 2.0x107




3.3. Results and Discussion
3.3.1 Synthesis and Characterization of calix[4]arene derivatives
3.3.1.1 Design and Syntheses

Our research group has interested in the design and synthesis of molecules which

can function as sensors. Basic sensory units giving electrochemical signals such as

ferrocene79, cobaltoceniumso, quinonesl, t thiafulvalenesz, Viologen83 are well-known.
We have designed anion receptor: cene units connecting to the amide
ing hydrogen bonding interactions:
O=C-N-H---X, where X = ani S, ve attached ethyl ester groups on

the lower rim of calix[4]are of tion-inhibitors as well as binding sites for

HiCH.C. CH-CH:
0 0

O
CH-CH:

m Se

Figure 3.3.1 Target molecules contain cation and anion binding sites

Syntheses IVI ﬁljéﬂ]oﬂ ﬁrocene amide calix[4]
are summarized in Scheme

arene Sa, Sb and 3.1. Nitrations of dunethoxy calix[4]

arenela’’ ,a vﬁ:}i iﬂ:ﬁ ij mj Tﬁmﬂﬂ phase transfer
strategy85 b ﬁ m ate nd La(NO-): as

catalyst were dissolved in water while compounds la and 1b were dissolved in
dichloromethane. The solution mixture was kept stirring vigorously at room temperature
until thesolution turned yellow. The mixture were worked up to afford yellow powders of
dimethoxy dinitrocalix[4]arene (2a) and diethyl ester dinitrocalix[4]arene (2b) in 71%
and 88%, respectively. Reagents used in this reaction are mind and appropriate for
producing selectively nitro substituents on the para position of phenol rings . Compound

2a hardly dissolves in common solvents such as CH,Cl,, CH;0H, EtOAc and CH:CN.
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but dissolves very well in DMF. Thus, the nucleophilic substitutions of compound 2a
with CH;l and ethyl bromoacetate in the presence of NaH and K,CO;, respectively, were
carried out in DMF at 60 °C. Controlling the temperature for this reaction is quite
important because DMF can decompose at higher temperature. The tetra-substituted
dinitrocalix[4]arene, 3a and 3b, were obtained as pale-yellow powders at 71% and 61%
yields, respectively. On the other hand, diethyl ester dinitrocalix[4]arene dissolves easil y
in common organic solvents. Nucleophilic substitution of 2b with ethyl bromoacetate

was carried out in acetonitrile in the pres of Na,CO;. Pale-yellow solid of tetraethyl

esterdinitrocalix[4]arene (3¢) was

T?// ield. Essentially, the hydroxy groups
at the para position to the nitr d prior to the reduction of nitro

groups to amino groups be unit is easy to be oxidized and
transformed to quinone. Re: o] ‘nd 3c¢) was carried out using
Raney Ni and N,HsH,O i | and EtOAc to yield diamino
compounds 4a, 4b and 4c lds, respectively.*®  Coupling
reactions were performe diamino compounds (4a. 4b and

4c¢) and 1,1-bis(chlorocarbenyl cer - - is reaction should be refrained from the

moisture because the hydro Oup canrej | atom of chlorocarbonylferrocene

to give carboxylic ferrocené. ;',@néﬁ@r . Lji-bis(chlorocarbonyl)ferrocene  were

maintained under N, and transferre;&_j'mfpgg' la to'the solution of diamino calix[4 ]arence
Bt A

in the presence of NEt3ui,ﬁ';CH2‘Clz. The mixtu i room temperature under N,

arenies Sa, 5b and 5S¢ in S0% .

42%, and 40% yields, Espective nain by-pr@uct from this reaction is

Bisamideferrocene calix[4]afene. In order tosachieve higher yields of the desired

oty SR BV |
AMIAN TN INYAE
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NO,

1a*: R, =CH;,R,=H 2a,2b: 3a, 3b, 3¢

1b% : R, = CH,COOCH,CH;, R, = H 2a:R;=CHy, Ry =H :
3a: Rl CH3 R7 = CH‘& iii
3e: R] CH3 Rv = CH$COOCH»CH1

2b:R; = CHaCOOCH»CHa R,= v
3b R| _CH2COOCH7CH3

W Ry = CH.COOCH,CH-

5a, 5b, 5¢ CH>COOCH,CHs

5a:R;=R2=CH;,
5b: R, =CH;, R, = CH,CQOC
Sc:R; =R, =CH,C

i: NaNO;, La(NO;);, HCI,
ii : BrCH,COOCH,CH;, N
iii : CHal, K,CO;, DMF

3 NﬂgCOz. CH:CN
. H,0O. EtOAc. CH-OH
ylferrocene. NEt:.. CH.Cl,

The structures ef calix[4]arenedte’ are norma ficlassmed into four basic

confomtions et e dofbe o Wik of the el ines

cone, partial cone, 1"2 alternate and 1,3¢alternate. The most stable cgnformation is cone
contormath P Y ﬁ"@“ﬂﬁmﬂﬁ%‘lﬂ@%ﬂﬂ@ B eroups a ihe
lower rim. § However, calix[4]arene compounds are found in other conformations
depending on the base used in substitution reactions and functional groups attached on the

. 9
lower rim oxygen atoms.®

In the case of compounds 5a and 5b, NMR spectra at room
temperature showed complicated signals suggesting a mixed conformation of the calix[4]
arene unit. Both compounds have two opposite anisole rings in a rigid fashion linking by
amide ferrocene and the remianed phenyl rings are flexible for free rotation. 'H-NMR
spectra of both 5a and Sb exhibited sharp peaks at room temperature (Figure 3.3.5, and

3.3.6) suggesting that the conformational interconversion took place in a slow exchange
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manner on NMR time scale.” According to COSY, NOESY, ROESY, HMQC, HMBC
and DEPT, both cone and partial cone conformation were seen in the spectrum. For the
most advantage of the mentioned 2D-NMR techniques above, the correlation cross peaks
of NOESY can be used to identify corresponding 2 different conformations in the
spectrum. The correlation of signals can be assigned either cone or partial cone

conformation. The correlation protons were assigned in Figure 3.3.2 according to the
results of NOESY shown in Figure 3.3.3 and 3.3.4.

Cone conformation

one conformation of Sa

tion, the methoxy group at

, S e ak_ﬂq‘th 0-ArHNHCO aromatic

proton at 6.379 ppm. The ‘cher methoxy gr%t:})s correlates to the inversed aromatic
=

protons (doublet siﬁﬁ Ej«ax%()ﬂ,ﬂﬁ wﬁ@‘aﬂ; 90 and 6.63 ppm).
RIAINTUNNIINYIAY

2.87 ppm on the rotated pheno



66

il

L iy ¢ Nk L ¢
5 70 B.2 50 55 52 45 40 3., 3i.c 2.5 20

PR |

0% c
1 "

. * 3 o
L]

. .
- |

: - e .

- o ;-; ___}_

o (o e ol IS | =
e, - . ) .
o
¢ 0% S O0F SFE OFE G2 0

U e
v o

. ~4

.. .I b—
P Ly 8
. ~
E ] - CpE
= . w :

o,

Figure 3.3.3 NOlﬂ Uﬁmﬂﬂquﬂ %28 tetramethoxycalix

[4]arene (Sa) in C
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ring. On the other hand for cone conformation, the methoxy groups have no correlation

6’8 0'8 .

with the aromatic protons and with the methylene protons. In contrast to Sa and 5b.
tetracthylester calix[4]arene (5¢) was found to be in a cone conformation only in the
solution state. Four bulky ethylester groups at the lower rim thus inhibit the rin g rotation.
Considering the "H-NMR spectra of 5a and 5b in acetone-d°, 500 MHz. the cone
conformation has two planes of symmetry. The aromatic protons exhibit a triplet for -

ArHOCHj3 at 7.01 ppm for 5a and at 6.95 ppm for Sb, a doublet of m-ArHOCH; at 7.22
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ppm for Sa and at 7.12 ppm for 5b and a singlet for meta protons substituted aromatic
ring on upper rim at 6.47 ppm for 5a and at 6.46 ppm for 5b. In addition, the methylene
bridge protons in cone conformation appear as two sets of doublets at 4.36 and 3.14 ppm
for Sa and at 4.04 and 3.06 ppm for Sb while partial cone conformation has 4 sets of
doublets at 4.29, 3.98, 3.11 and 3.03 ppm for 5a and at 4.09, 3.82, 3.32 and 3.19 ppm for
Sb. It is notable that peaks due to methyl protons of the partial cone conformation shift
more up-field shift than those of the cone conformation. This probably stems from the
effect of ring currents from aryl units of 4]arene when one of the methoxy group
d 3.3.6) Additionally, *C NMR

s of methylene bridge carbon at

point into the calix[4]arene cavi

ca. 31 ppm for the cone con d ca. 37 ppm for partial cone

conformation.”’!

Yo

ro——y
°MVI?J‘VI mllw' L_g

-vn---uv----:-"- .- ----------------- a- ------ | A0 L (LA B B B B B B B (s == (= o i £ o ™

ammnim IRINYIAY

Figure 3.3.5 lH-NMR spectrum of 5,7-d1am1deferrocenyl-25,26,27,28-tetramethoxyculix
[4]arene (5a) in CDCl; with 400 MHz
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'H-NMR spectra of Sz b inithie d lerentsolvents show the different intensity
of cone and partial cone conformati :-*, , dm on the polarity of solvent. (Shown
in Table 3.3.1) el |

Table 3.3.1 Show the intensity of : ial cone conformation ratio

E'PC

N
ﬂuﬁﬁwﬂﬂﬁWﬂWﬂﬁ

Acetone-d®

AR XL umw mna d

CD;CN-d*

Elucidation of "H-NMR spectra of 5a and 5b in DMSO-d° and acetone-d” was found that
compound 5a exists in partial cone and cone conformation in 2:1 ratio. whereis
compound 5b in 1:1 ratio. The ratio of cone to partial cone conformation for Sa and Sh IS
I:1 in CD;Cl and CD,Cl,. This is opposite to that reported by Shikai where the

concentration of cone conformation of tetramethoxy calix[4]arene was found to increase



70

upon increasing solvent polarity.”® From the 'H-NMR spectrum of Sc, it shows only cone
conformation containing a triplet for p-ArHOCHj3 at 7.09 ppm, a doublet of m-ArHOR at
7.20 ppm and a singlet for meta protons substituted aromatic ring on upper rim at 6.43
ppm as well as the methylene bridge proton at 4.87 and 3.22 ppm as shown in Figure
3T,

Figure 3.3.7 '"H-NMR pec - 27,28-tetrumethyl
ethylestercalix|4]aren .\‘ z

y

3.3.1.3 VT NMR expériments /

AULINBNINYINT

Conformatigflal interconversiongcan be studied by variableg temperature NMR
SPCCU'OSCOQ lwrﬁ ﬁlﬂeﬁg mnﬁ% %@ng @t@erﬂone and partial
cone conforfhation.””* 'H-NMR spectra of 5a and 5c exhibit sharp signals at room
temperature indicating a slow exchange of conformation on the NMR time scale.”” In
order to study thermodynamic properties of these receptors (Sa and Sb), they should. thus.
be determined by measuring dynamic 'H-NMR at high temperature in DMSO-¢’ ran ging
from 25 to 150 °C (which is the limitation of the NMR machine and solvent properties).
Variable temperature 'H-NMR spectra is illustrated in Figure 3.3.8. No coalescence

signals were observed in the range of 25-150 °C.
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a) 150 °C b) 150 °C

140 °C

120 °C

:L

, : i ., 408 60

SN ANEN

e, -

-

T ] ﬁI T ' i

N e G e R 1
4 82 B0 7.8 76 7.4 7.2 7.0 6.8 6.6 6.4 6.

|'|'|'l'l'|'l'l'l‘l'|'r'—e
8.28.07.87.67.47.27.06.86.66.46.26

Figure 3.3.8 Variable high temperatures of 5a (a) and 5b (b) in DMSO-«"

The NH peaks of 5a and 5b in cone and partial cone conformation move up field

(5a; A3 = 0.438 and 0.441 ppm for C and Pc, respectively, Sb; A3 = 0.43 for both C and

PC) and doublet peaks at ArCH,Ar of partial cone conformation shifted downfield
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slightly (A3 ~0.1 ppm). All peak assignments of partial cone conformation for S5a
became board at 110 °C and their intensities decreased while those of 5b took place at
140 °C. This signified that the methoxy aromatic rings of 5b rotated around methylene
bridge more slowly than those of 5a since compound 5b had two bulky ethyl ester groups
to inhibit the rotation. In contrast, cone conformation for both 5a and 5b retained sharp
signals even at higher temperature. It implies that cone conformation is stable and does
not undergo interconversion at high temperature.”® According to integrated signals,
partial cone conformation gradually c

reduction of mole fractions of PC
(Figure 3.3.9)

d to cone conformation observed from
;? C increased at higher temperature.

®Xc
W Xpc

HIEINENTNENNT
QRN TUNMINY )AL

(b) Mole fraction of Dimethoxydimethylethylesteramideferrocenecalix[4 Jarene 5¢
Figure 3.3.9 Mole fraction of cone and partial cone conformation at variable
temperature from 25 °C to 150 °C
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Reinhoudt et al.”® studied the mechanism of conformational interconversion of calix[4]
arene derivatives containing tetramethoxy at lower rim and crown-ether at upper rim by

quantitative 2-D EXSY NMR spectroscopy. (Figure 3.3.10)

Figure 3.3.10 Tetr. i ‘ 4 10Y one and partial cone conformation

Behaviors of 'H-
of both 5a and 5b shich

conformation at room te Q(i singly esults of 2-D EXSY NMR
dhiaaddd

e @ m:“

P21y - :
- following the equilibrium shown in 3.3.1.

spectrum showed that the Onversion processes occur via the

intermediate of 1,3-alternate co

(3.3.1)

Reinhoudt stated ;..._...;.....‘..'..-.-...-.-:-,_v_.-:‘- ed by 'H-NMR and 2D-

fi.
NOSEY results. -
It is worthwhile t

1,3-alternate conf ti ‘ i: i & ional dntereonversion took place
possibly between wﬂaﬂ ‘ ﬂﬁoﬂﬁﬂﬁﬂﬂjable high temperature
results give enough information to dedtice that the céhformational i nversion of Sa
and Sb toﬂq[ﬁﬁﬁeﬁ ﬁgmu fmel]/&mylﬂtﬁ‘dﬁe 1.3-alternate

conformation. (Figure 3.3.11)

] ﬂ
;ropose that the mechanism of 5a and 5b may occur pass the
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Sa ; R1=R2- CH3

5b; Rl_q CH2COOCH2CH1

tional interconversion of 5a and Sc¢

ei-v.

\‘Q\\uﬁ‘- sion of hexane to the solution of

1,0E ystallographic data are listed in

Figure 3.3.11 The proposed me
3.3.1.4 X-ray struct
Crystals of 5a and
compounds Sa and 5b in

Table 3.3.2.

Table 3.3.2 Crystallographi he-X-ra: Diffra ' Studies of Sa and 5b

Compounds Sb
Empirical Formula - 16Hag -;.--~;—‘~':, 4 Cs2HsoFeN2O )
l vl
Formula weight 956.84

Vi !
Temperature (K) m 120 (2 'm 120(2)

Radiation (A, A) o Ko (0.71073)
Crystal system ﬂ u H ’J:ﬁlﬁ% %!‘w El‘ ’] ﬂ %onoclmnc

Space group P2, C2lcs
amaﬂﬂwuwwmasa
b, (A) 13.337(3) 21.7754)
c, (A 12.983(3) 16.105(3)
o =Y, deg 90 90

. deg 118.73(3) 95.48(3)
v, A} 1945.5(7) 4540.9

4 2 4

p(cal), glem’ 1.387 1.400
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Abs coeff, (mm™) 0.447 0.401

Crystal size (mm®) 0.20x0.18x 0.14 0.26x0.14 x 0.12
Reflection collected 15395 20610

R(F)*, % 5.69 4.59

RwW(F)?, % 14.17 11.39

“Residuals: R(F) = 5| Fo-FJ /SFq; Ry(F?) = {[Ew(F,-F) VEw(EH2) 2.

Compound 5a has 2 molecule as a solvent of crystallization while 5b

contains 1 molecule of CH3;0H. hydzo nding interactions between C=0
of the amide group and hydro ' _also between NH of the amide

T == Y],
p 2 401 A
Hydrogen ond mteractlons between methanol and amide group of 5b

Figure 3. 3ﬂ ﬂﬂsn?e gmuﬁﬁm mﬂn?tween methanol
AMIADIUIANEAY. ...

in the solid state, in which all methoxy groups point out of cavity. This reduces the steric

crowdedness of the calix[4]arene units.”®'®



Figure 3.3.13 Crystal structure of compound Sa and Sc¢
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T

The stable structure of Sb is in cone conformation in solid state due to the steric hindrance
of 2 ethyl ester groups. As observed from x-ray structure of 5a, one methoxy group on
C7 was subjected to the anisotropic effect from inversed anisole ring. Therefore, the 'H-
NMR chemical shift of this methoxy group appears at high field (5§ = 2.87 ppm). The
molecule Sb has one plane of symmetry between calix[4]arene rings while 5a lacks the

01-103
10103 e tween the

plane of symmetry caused by an inversed phenyl unit. Dihedral angles
phenyl rings and the plan of the four methylene groups are 79.17°, 75.85° -100.83" and

24.31° for 5a and those of 5b are 83.97° 35.24°. The anisole ring opposite the

it attributed by the dihedral angle at
in flatted units corresponding (o

inch cone’ conformation. In

inversed aryl ring of 5a is in a fl
24.31° and also both unsubstit
dihedral angles at 35.24°. It Was.sugos
the principle of calix[4]areng “cone conformation has the
symmetrical Cy, structure in C;, symmetry containing

two opposite aromatic ringsfals yaratlel “and *\ er two adopted a flattened

nversion of tetra-o-alkvlated

conformation.'®'%  The pre § Studids: on dhe intereo

calix[4]arene by computational at astructure with C,, symmetry

Il' n -
""*'? o . > 09.103 G =
etrlcﬂu@;k{ = % Considering 5a and 5b. the

A 2

is more stable than the more &

bridging methylene hydrogens (Heq) and
the two adjacent aromatic hydroggg@jf__ and T1in chart 3.3.1) were determined from

X-ray structure identify'ﬂ either the conforr jal cone or a pinch cone

OFfH.q-H, for the pinch cone

conformation. In additiom the distance o is lonﬂt compared to the former

eq~113

distances. Undoubtedly, it wéseoncluded that Sh.éxists in g]pinch cone conformation and

Sa in a partial conﬂn%iga'w ¢ Zrﬁ NEIN I
AR TN INGAY

|
OR

T

Chart 3.3.1 Correlation of proton at aromatic and methylene bridge of C and PC
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Table 3.3.3 Show the distances between the Heq at methylene bridge and aromatic

protons.
Distance (A) Sa Sb
Heg-H, 2.743 2.741
Heg-Ho 2.348 2.421
Heq-Hj 3.495

The crystal structure of 5a

ﬁmteractlon between hydrogen of
Qhenyl ring with the distance

t.lon in the NOSEY spectrum.

methoxy groups and aromaiic
around 3.425 A which
Interestingly, the 2 oxyg [ ,. \n ) n the opposite direction when
they have no interactio \ plexes with guests. 2 oxygen
atoms on amide groups p igto the same of “‘1 1on. Consequently, the NH- groups

were preorganized prior to Bind bonding interaction.'” This

evidence is supported by x-rz baltoeenium amide calix[4]arene.

Q mwﬂmw %

AN Tl aunf‘ 7

Bridge-cobaltoceniumamide calix[4]arene
Figure 3.3.14 Show crystal structure of cobaltoceniumcalix[4]arene and CI

From the previous works, most ferrocene units is in the eclipsed geometry.'"*""’ X-ray
structures of Sa and 5b show the distorted eclipsed geometry of the ferrocene units
possesing dihedral angles of 21.075°and 15°, respectively. For 5b. two substituted phenyl

rings is not parallel. The upper rim is tappered resualting from the ferrocene bridge.
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Therefore, two diethylester groups on the lower rim point away from each other resulting
in the distances of O1-O1' around 5.192 A and 04-O4' around 5.782 A while diamide
ferrocene on upper rim having the distances of N1-N1' and C4-C4' of 4.234 A and 4.907
A, respectively.

‘Table 3.3.4 Selected Bond Distances (A) and Angles (deg) for 5a

O1-Cé6 1.376(5) NI-C11 1.428(5) Fel-C39 2.053(4)
01-C7 1.448(5) NI1-C16 1.361(6) Cl1-C34 1.523(6)
02-C14  1.398(5) NI-HIN 1.12(4) C5-C8 1.507(8)
02-C15 1.437(5) C8-C9 1.522(7)
03-C16  1.225(5) C13-Cl7 1.505(7)

04-C23  1.396(5)
04-C24  1.390(5)
O5-C31  1.385(4)
05-C32  1.436(5)
06-C33  1.234(5)

C16-C35 1.490(6)
C33-C40 1.482(6)
Cl17-C18 LSTHT)
C22-C25 1.463(6)
C25-C26 1.513(6)
C30-C34 1.526(5)

Ce6-C1-C34 120.2(4) C27-C28-N2 124.2(3)

C2-C1-C34  122.04) C29-C28-N2  115.6(3)
C5-C8-C9 112.6(4) C31-C30-C34  121.3(3)
= ,.-i".-l".-" e
C5-C8-H8A  109.1 H1 KCI?«H‘i 3 -C33-N2 123.3(3)
k ‘

H8A-C8-H8B 107.8 ' IN2-C33-C40 115.3(3)
C14-C9-C8 123.0(4)3 ’ (4)a C30-C34-C1 110.6(3)
C10-C9-C8 117.9(4) C23-C22-C25 120 8(4)  C30-C34-A34A 109.5

L=

C10-C11-N2 1@‘% EJ leoﬂzﬂ:ﬂ ‘j‘ Wﬂzﬂ ﬂa‘sgA -C34-H34B  108.1

C12-C11-N1 C22-C25- C26 109. 4(3) Clé- C35 Fel 126.6(3)

oIS R AN e

03-C16-N1 1242(4)  C31-C26-C25 119.6(3)  CIl16-NI-C11] 127.4(4)
03-C16-C35  120.14) C27-C26-C25 120.6(3) CI6-NI-HIN  115(2)
Cl1-NI-HIN  116(2) C40-Fel-C44 41.49 C40-Fel-C42  68.24(7)

C33-N2-C28 127.33)  C40-Fel-C35 112.4(3) C40-Fel-C37 171 27 19)
C33-N2-H2N  124(3) C40-Fel-C36 134.35 C40-Fe-C38 148.68(17)
C28-N2-H2N  108(3) C40-Fel-C39 118.12
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Table 3.3.5 Selected Bond Distances (A) and Angles (deg) for S¢

01-C1 1.400(3) 04-C23 1.195(4) N1-C4 1.418(3)
01-C22  1.414(3) 05-C23 1.341(4) N1-Cl16 1.350(4)
02-C9 1.380(3) 05-C24 1.436(5) N1-Hl 0.760(4)
02-C13  1.428(4) 06-C26 1.401(4) Fel-C17  2.046
03-Cl16 1.235(4) 06-H6 0.8400

C3-C2-C7 118.0(2) C8-C7-H7A  109.7 C18-C17-Cl6 129.6(3)
C1-C2-C7 122.4(2) H7A-C7-H7B 108.2 C21-Cl17-Fel 69.57(16)

C16-C17-Fel 127.3(2)
01-C22-C23 108.8(2)
04-C23-05 124.5(3)

C5-C4-N1  118.1(2) 02-Co J /y
C3-C4-N1  1223(2)
C1-C6-Cl4 122.3(2) .mm ? 12

C5-C6-C14  118.9(2) e

03:-e1:C17| 1 04-c23-c22 126.6(3)
C8-C7-C2  109.7(2) "4/ 16 ~ 05-C23-C22  108.9(3)

N\
=% N
3.3.2 Binding properties | d'Sc tows nﬁ\ﬁons and cations
. =
3.3.2.1 Binding propeftics with anions for 54, 5b and Sc
L d

In the past decade, many a

|I_.#"l',-'r“ bl d ‘

There are 2 types of anf{n receptors ’Cﬁarg(ed peutral receptors. Charged

receptors are -NH- gro q'»,—v:--:::-:-::-::"“"" iidiniom and amidinium
—IIS, amide ( CONH )||(\-||7
and thiourea (-NHCSNH-) or‘urea (-NHCONH- &;8 " for binding anions. Our molecules

consist of both t? wﬁm W«Tﬂa’a’sb and Se containing
rogen

1I-112
cas well

as pyridinium. '3 Neutra ec"é OIS POS

eSr

CONH group as ond donor were subjected to study theu ability to bind

various sh ﬁ and I'), planar
or Y-shape %m&gamﬂju mgiaﬂ PO, , HSO,).
In addition, compounds 5b and 5c¢ have the ethyl ester groups (for binding cation).
attached on the lower rim of calix[4]arene. We would like to study the effect of cations to
anion binding properties of 5b and 5¢. The recognition of three ligands with
tetrabutylammonium salts, CI', Br, I', NOy, HSO,, H,PO,", acetate and benzoate. was
measured by 'H-NMR titrations. Firstly, binding studies of three ligands were carried out

in CDCls. Interestingly, the ratio of cone to partial cone conformation of 5a in CDCJ,

changes upon addition of CI" and H,PO,. From the integration of signals of C p ring
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protons, we can estimate the ratios of cone and partial cone conformation as shown in
Table 3.3.6 The results implies that 5a can recognize CI" and H,PO, by changing its
conformation. Due to the unconformity of the ratio of cone and partial cone
conformation of 5a during anion titration, vide infra, the stability constants of 5a toward

anions, however, cannot be estimated.

Table 3.3.6 Mole fraction (X) of cone (C) and partial cone (PC) conformation when

increasing the ratio of anion to 5a

Anion ) with+ $ Sa : anions ratios

G ~ 1:4
cr 0.452 )| 0RIU0ST 0.395/0.605
H-PO4 0.452/0.548 0.427/0.573
The association constants depend on | > solye Ste Ihe acceptor number (AN) of

solvents should be realized/i Solvents that have the high

acceptor number (AN) will haVe | e&lﬂ@f ity'fo \ ionic species. Consequently. the

ability of receptors to comple
é

CD;iCN are 23.1 and 12.5, respectiv:

-lll"". l‘:'.

CDCl; are very low. Wﬁth@:@fm{ ‘measure

Sc with anions in CD;CN=Fhe-binding constants o brand Sc were carried out by

d.. The acceptor numbers of CHCI: and
values of complexes measured in

s of compounds 5a. 5h and

'"H-NMR titration upon t Mo ecuﬁ at room temperature. The

'H-NMR spectra were recor'gied until no peak shift appeared upon adding anions. The

. 11 "m‘ﬂ R e 3
q RIAINIUNRIINYIA Y
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#5a(Pc)
"5(C)

X 5b (Pc)
X5 (C)

@ A cetate (Pc)
= Acetate (C)

B enzoate (Pc)
% Benzoate (C)
X H2P04 (Pc)
® H2P04 (C)
+Cl (Pc)

Moleratio

Figur o — ious-anions in CD;CN
Curve Sc¢ exhibiteﬁl; &mﬂ dd.s]am\'eimbehaviors implies a
high stability, constant. . The titrati ﬁiv di e 1:1 stoi ﬁé . Obviously,
titration cuﬁqsﬁtw [ﬁﬁﬁg ﬁﬁﬁﬁﬂﬁ"f 'rﬂe large shifts

occur for carboxylate anion but smaller shifts for H,PO, and CI". Compounds 5a, Sb and

Sc possessing the amide NH groups forming a bi-dentate hydrogen bonding array that are

complementary to carboxylate anions and H,PO4". Therefore, halide anions give smaller

K values. However, all ligands give a slight shift for H,PO, comparing to carboxylate
anion due to the low basicity of H,PO,."?' The stability constants of compounds Sa, 5b

and 5S¢ are summarized in Table 3.3.7.
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Table 3.3.7 The stability constants of compound 5a, 5b and Sc toward various anions at

room temperature in CD;CN-¢&° (M)

Sa Sc Sb
Anions
PC C PC C C
PhCOO" 540 Y 100 915
CH;COO° 174 1200
H2P04- 94 a
Cr 86 29
PC = partial cone conformatio 2 cong.
-, K values could not refined. . fq ‘
All association constants have er A ‘éﬂ jar
As mentioned previously, g@i D exist in cone and partial cone

cone conformations ratid‘g of 53 onstant. aK values showed that all

compounds in cone and pa%one conformatipns preferably formed with acetate anion.

Unfortunately, all ﬂafu H ’aowe@tﬂ ‘ﬁhw EJ ﬂ)ﬂ ﬁHso; dstving fiom

no NH signal shifts!upon addition of éhese anions 0551bly due to o matched size or
charge de ywm] @ﬁﬁ lﬂ)ﬂ ?ﬂ Hﬂ]yﬂ Elvnh molecules
contammgliasw amine functionality because the acidic hydrogen sulfate ion is capable
of protonation the amine groups and the positively charged receptor strongly binds the

produced SO, '*!

Futhermore, all ligands bind preferentially with acetate over benzoate
due to the basicity order of acetate and benzoate.'”' Plots of chemical shift (vidle supra)
between 5a, 5b as well as Sc and acetate signified the high K values. Anion binding
constants of compounds 5a and 5b of partial cone conformation are superior to those of

cone conformation. All ligands give the favorite to anions in a Y-shape geometry.
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espectially acetate and benzoate. The association constants with anions are in order of S¢
> 5a > 5b. All ligands selectively bind carboxylate over halide anions and H,PO,. The

127124 studied the association constants of the

previous works of Beer and coworkers
molecules containing cobaltocenium at the upper rim of calix[4]arene. The anion-

coordination properties of cobaltocenium bridge calix[4]arene receptors are dependent

upon the degree of preorganization of the upper rim.

and tosyl groups

n lower rim of calix[4]arene has a

dramatic influence on the anion ﬁﬂﬁﬁm‘ ies of upper rim. For instances.

compound A binds

m acetate much b than H>! «, whereas the selective

~an isomeric B of compound C, it formed

-

preference is reversed “wit
thermodynamically strongg anions complexes with carboxm:te than either compound A
or B, and with a notable %electivity for acétdte. The electron withdrawing tosyl-

substituents at thﬂaupgjtg m &l m gﬁ w&l f] md moieties induced the

increasing in ac1d1t§l of the NH protons and resulted.in the highergaffinity for acetate
whichissfgfe i PO SRR ODRUPRIT) . B 0= 7.1
107)."% It i§lthe worthwhile to point out why the association constants of 5a, 5b and Sc¢
with carboxylate anions are much higher than other anions due to the substituent groups
on lower rim. However, the predicted association constants with acetate should be in
order of Sc, 5b and 5a. Receptor 5b and 5¢ posses the electron withdrawing ethyl ester
substituents at para position on phenyl units with amide groups. However, 5¢ has more
affinity for anions comparing to 5b since Sc is rigidified from four ethyl ester bulky

126

groups to give a high degree of preorganization. In contrast, S5a has the electron
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donating methoxy group at the anisole rings bearing amide groups. This is the reason that
it displays lower anion recognition than 5c related the K values but higher binding ability
than Sb. Presumably, the effect of water in the deuterated solvent competed the bindin g

2 Water is competitive to bind with NH using hydrogen bonding interaction

with anions.
resulting in less K values of complexes between host and guest molecules even the traces
of water in deuterated solvent. The higher intensity of water signals was observed in
titration spectra of 5b due to moisture. Predictable formation between amide calix[4]

arene and acetate was related to the work’s Beer. The structure of bridge-

cobaltocenium amide calix[4]rene are similar to our compounds and therefore. the

Bridg-cobalt.toceniu n-calixf4 atedies

Figure 3.3.18 The propgsed structure of complex between biidee-ferrocene amide calix

[4]arene and acetate V |

benzoat?::::ﬁia::@‘aﬂﬁaﬁlﬁnﬂ mg?]}ﬁtﬁﬁon between Sa with
RIAINTUUNIINYIAE



Table 3.3.8 Chemical shift of complex between 5a and Benzoate
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Ratio of Ligand:anions 0.0 1.0 1.5 2.0 Ad
NH (PC) 7.515 9.321 9.865 10.207 2.692
NH (C) 7.267 9.008 9.552 9.905 2.638
m-ArHOCH3 (C)d,J=7.8Hz | 7. 254 7.121 7.083 7.059 -0.195
: \
m-ArHOCH3 (PC) d, J=7.2 ‘ \‘l /, 7.073 7.059 -0.082
p-ArHOCH; (C) t,J=6.9 W 72 "- 6.609 6.547 -0.507
p-ArHOCH; (PC) t, J = l /A“ \ 05 6.764 0.213
3 =U. \ . O » Ve 1 o
\
0-ArHNHCO (PC) ‘/l{ - ﬁ\\\ \‘n 874 6.918 0.359
o-ArHNHCO (C) _ 4 \ 6.637 0.209
0-CpHCONH (PC) 317, 3:379; 0.451.
4.935 4.947 0.111
- i 1:-*'»,' o
0-CpHCONH (C 5.042 0.287

e e
Vi

=

B
ﬂ‘lJHT’J'Vlﬂ‘Vl‘ﬁWﬂ’]ﬂ‘i
’Q‘Wﬂﬂﬂﬂ‘im AN Y
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5a: Ben
1: 1.5

5a: Ben
1: 1.0

. .
5a: Ben
1: 0.6

,_,.,,,._._._p_._._,“ =

AT Y

It is notewoghy that the complexes give the influence on aromatic rings of receptors.

This behavior is possibly similar to the previous work. Cameron and Loeb'™* have
synthesized calix[4]arene derivatives containing amide group with different number of
electron withdrawing chloro-substituents at 1 and 3 position of upper rim. It was found
that these receptors could bind strongly with benzoate. The formation is attributed to the

calixarene adopting a ‘pinched cone’ conformation resulting in not only the two amide
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groups becoming parallel but also one phenyl ring of calix[4]arene is parallel to benzoate

ring.

I X=CHCl,
I X =CCl;

Figure 3320 T

This phenomenon is an
Elucidation by NMR speg

inversed phenyl ring show

igure 3.3.21 and 3.3.22.
matic protons of the non-
inversed phenyl ring. The

results are obtained by the rin

Chart 3.3.2 Show the effect of hydrogen bond interaction on CpH signals
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5b: Ben
1: 240

Vo
Sb: Ben
1:0.6
l
lu Al
. . Y il i u.kk,‘ i e
5b: Ben ) |

AULINENINYINS

ARIAIN T mﬁwm#’ ;
) N

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

uuuuuuuuuuuuuuuuuuuuuuuuuuuu

PM

Figure 3.3.21 'H-NMR spectrum of 5b and Benzoate in CDsCN with 200 MHz
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Sc: Ben |
1:2.0 }
I

| |
i I J‘uudt__dJUMU"‘-’ 0

5c¢: Ben
1: 1:0

Sc: Ben
1: 0.6

Sc: Ben
1:0

ﬂuEI’JVIEW’a‘WJEI’m‘a' L

’W’laﬁﬂ‘mﬂn’l’@ﬂﬂ’lﬁ ’
,’H i B ;‘ !H

o ¥

il

\-..dw W—w\-—-

Figure 3.3.22 '"H-NMR spectrum of S¢ and Benzoate in CD;CN with 300 MHz
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We took attempts to grow single crystals of these complexes but unfortunatel y. the
complexes decomposed whilst they were left in solution over 3 days. Furthermore. the
NOESY and ROESY of these complexes were carried but no more data supported the

assumption according to no cross peak correlation observed clearly in the spectra.

3.3.2.2 Binding properties of cations with Sb and 5S¢

As mentioned above, the designed molecules consist of 2 binding sites, one for

anion recognition from amide moieties'.

ester groups. Compounds 5b anQNb‘ ‘ ter groups, which are able to bind

alkaline metals.'?”'? The?et\’éen &ds is the number of ethyl ester

er for cation recognition from ethyl

= —

presence of cation en

ot 30-
l'CCOgI]lUOI]. W

J‘ i
of the building block. Basically, them binding
...-"".--"if LA A "?:‘bﬂ'

=

from cation bmdmg n tﬁ case of ‘alfbplc t&ceptem

. g — -, rt .
simultaneous stability corﬁam' Tlﬂr compounds were shon in

Figure 3.3.23. The smultaaeous co- ordmatlowf a cation and an anion is at the benzo

crown amide subsﬁ TJ%WE’J%@[%% f] ﬂ

it

aw%muma,

______ =Benzo-15-crown OHF O\Ho'

AV 5) /
5 \

= Anion

Figure 3.3.23 Show the ditopic receptor for both cationic and anionic species
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They suggested that the K values of this ligand with K™ ion and either H,PO4 or HSO,
are much higher compared to those of ligand without K*. The electrostatic interaction of
the ion-pair is directly attributable the complexation. Our receptors have the cation
binding site at the lower rim and the anion binding site at the upper rim. The binding
enhancement occurred from the effect of cation through phenyl bonds and ion-paired

enhancement.

Figure 3.3.24 Show the ditopi

same side

enhancements due to the Qmultan ou

association constant indicated that receptor A with K increased the K values. On the

other hand, this beﬁausﬁv'} WH ﬂ;ﬁ ‘w ﬂq @J@d that the urea group

at the upper rim for féceptor B obtained a little effect of the amide group at the lower rim

e C“&T‘ﬁqcﬂ GO BTG Bt 0 in

with alkali tals and to give the influence on anion binding properties. The

catioﬁ and anions. The anionic

methodology of study the effect of cation complexation on anion binding is the
preparation of the saturated cation binding site by adding one equivalent of alkali salts
and then the association constants with anions were evaluated by adding variable amounts
of tetrabutylammonium salts (TBA). The titration experiments were recorded by 'H-
NMR spectrometer. Unfortunately, no signals shift under complexes with alkali salts.

Moreover, the results of 'H-NMR spectra show no peaks shift during adding the amount
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of tetraammonium salt. Upon adding more anion salts, not only NH signal shifted
gradually but also the precipitate was observed in on NMR tube. It suggested that Sc
have ability to bind weakly to alkali metals (Na* and K*). The metal ion is labile and
forms salt with added anion. Therefore, we cannot evaluate the stability constants for the
complexes of ligand with metal and anion guests. We presumed that the upper rims were
rigidified by ferrocene bridge which locks the position of the aryl rings and the ethyl ester

groups at lower rims are too far apart to form comples with cation. (Figure 3.3.25)

Figure 3.3.25 Proposed Na 1 1ng for ealix ne tetraethylester derivatived :
(a) normal Na* binding (b) im bin ; listupted by the upper rim bridge.

The distances between | the substituted aryl rings were
mentioned in x-ray part. The rest of.

e ;,g:_,w

rings are capable of binding with cation

groups on the unsubstituted aromatic

in the case of 5¢ but not

for Sb. These are the ¥caso RFOr potassium states upon
addition of anion. Simimrly, and 'co—workerﬁ78 studied the bifunctional

receptors containing the urea moieties at uppegsim and tetraethyl ester at lower rim of

e A UHINYNINIING
TRIRMIUNNINYAY

.......

R
/‘\u — ()

NH

< /L /;;;\ )
Et@toy O O OOEOE!

Figure 3.3.26 Complexation of Na* ions with ditopic receptor
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This ligand cannot bind with anion in the absence of Na* since the intramolecular
hydrogen bond interaction of urea moiety blocks anionic molecules. In the presence of
Na’ cation, four ethyl ester groups can adjust themselves to bind Na” ions and destroy the
hydrogen bond interaction of the urea groups. Unrigidified molecule is able to bound
with anions. Unlike Sc, due to the ferrocene bridge, ethyl ester groups cannot be
rearranged in a suitable orientation for binding cations. However, the weak binding of

metal by the ligand can be determined by electrospray ionization mass spectrometry.
Mass Spectroscopy. ESI-MS csﬁu@%‘y/// 36.31 [M, 1036.91]
W‘N&Na

= 1059.90 [M+Na]

M,+Rb]
NoFe [M+Cs]
The results of mass spectro : _ of 5S¢ with Na” but the rest of
alkali metals showed only sma peérki_{_t is at Sc binds selectively with Na
according to the hard- soft acid-base _pﬂgtpclpl’?’ thyl ester groups have ox ygen donor

¥ : % 3
atoms as hard bases wh b prefe ds such as Na™. '

3.3.2.3 Electrochemlc?l studies

AUIINYNINYINT

As mentioned above, three llgands Sa, S5b and Sc¢ contain ferrocene units at the

upper rim W-Jxﬁ]ﬁ bﬁmm%ﬁu‘? Vlel(ﬁT]a.nE]has ability to
display the electroche nna refore, the electrochemical properties of these

ligands can be studied by techniques such as cyclic voltammetry and square wave
voltammetry. The cyclic voltammetry and the Square wave techniques were performed
using solutions of 5a, 5b and 5c¢ (1 x 10 M) in distilled anhydrous acetonitrile with 0.1
M BusNPFs as supporting electrolyte and using a glassy carbon working electrode. a
Ag/Ag" reference electrode and a Pt wire counter electrode. All solutions were purged

with N, before measurements. The potential was scanned in the range of 0.15 to 0.55 V
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at 50 mV/s. The cyclic voltammograms of 5a, 5b and 5c give reversibly redox couples as
shown in the Figure 3.3.27. The values of the potential for the redox couples were
shown in Table 3.3.9.

1.50E-05 -
1.00E-05 -
R 5.00E-06 - ity
§ — Tetramethoxy
0.00E+00 Dictiylostes
0 0.6
-5.00E-06 -
-1.00E-05 J
Figure 3.3.27 Cyclic vol onitrile with 0.1 M TBAPF

Ligands AE (V) ) )
5a v [0.058 1.01
5b g 0.058 1.02
Sc %WE] ”'] [ oss 1.02

AR INIUUNIANY AL

All CVs measurements of the free ligands were carried out by varied scan rates at 20, 50,
80, 100, 200, 500, 800 and 1000 mV/s. Cyclic voltammograms of 5a, 5b and 5S¢ at
various scan rates in acetonitrile are depicted in Figure 3.3.28. The correlation between

current (i) and square root of scan rates (v'’*) was plotted and shown in Figure 3.3.29.
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Figure 3.3.28 Cyclic voltammograms of 5a (a) 5b (b) and 5S¢ (c) in acetonitrile with 0.1

M TBAPF at different scan rates
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Figure 3.3.29 Plots of currents and square root of scan rates (v'"?) for 5a (a) b (b) and

Sc(¢)

\

97

All ligands have the anodic and cathodic intensities ratios close to the unity and the AE is

equal to 58 mV corresponding to a one electron transfer process. The plot of i, and v is
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a straight line passing though the origin. This indicates that iy is proportional to w2
characteristic of the reversible electron transfer. The redox couples of Sa, Sb and S¢ are
conceptually reversible system of Fe'/Fe'" redox centers. Additionally, the proportion of
ip and e displays the diffusion system. Interestingly, in the case of potentials carried out
in the range of 0.15 — 1.25 V, another irreversible peak appeared at the potential range of
0.85-1.22 V. It was the one-electron electrochemical oxidation of aryl ether units of calix
[4]arene."**"*! (Figure 3.3.30)

CV titration of free li nitrile with TBAPF
7.00E-05 -
6.00E-05 +
5.00E-05 +
4.00E-05 -

3.00E-05 -

i (A)

2.00E-05 -
1.00E-05 -
0.00E+00 +——

-1.00E-05

Figure 3.3.30 Cyclic voltammogrartié 6f 5a. 5 and S at 50 mV/s in acetonitrile with 0.1
M TBAPF N

The ethyl ester substitugriis on hydr on withdrawing groups and
destabilize the positive chage of the oxid oen atom a shown in Figure 3.3.31 It
is thus support the hlgher 0 ion potential f b and 5S¢ compared to Sa bearing the

methory groups. ﬂuﬂ’ﬁ‘l’lﬂ‘ﬂ‘ﬁWMﬂ‘i

Figure 3.3.31 Show the oxidized oxygen atom of aryl ether unit
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At various scan rates (shown in Figure 3.3.32), there was no oxidation peak appeared in

the voltammograms. This implied that the characteristic of these electron transfer is an
EC mechanism.”®” The deposition of the oxidized species may also occurred since not
only the disappearance of reductive wave intensities but also the decrease of intensities of
oxidation wave belonging to the ferrocenium unit. The species obtained from the
oxidation of aryl ether unit were possibly adsorbed on the surface of the working
electrode. (Figure 3.3.34)

_

1.20E-04 : — ‘ 4 e " —20mV/s
1.00E-04 - —50mV/s
8.00E-05 80 mV/s
g S 0E42 —100 mV/s
ce  4.00E-05 - —200 mV/s
200E:03 — 500 mV/s
GHE | —800mV/s
-2.00E-05 '
—1000 mV/s
-4.00E-05 -
Figure 3.3.32 Cyclic VQT@O ot f 5a at different scan rates
- I‘:- - r: ‘n -
We focused our 0.15-0.55 V because we
would like to study the ¢ffect of anion to the , i‘-é cr process of the ferrocene

unit. Titrations were ca d out by addition of aliquots ofu:trabutylammommn salts of

benzoate, acetate, 1 % t the scan rates of 50
mV/s. Addition o@ﬁ ET ﬁm Wmﬁ! The feature of cyclic
voltammograms of 5a with benzoate wds shown in Figure 3.3.33 (a). Titrations of 5a,
NIRAY (YT I T atat L Ttak i
less posmveqpotentlal and a progressive disappearance of the initial wave. Titrations
were also carried out in the square wave mode. It was found that not only the new wave
gradually appears at less positive potential but also the initial wave decreases and
disappears completely as shown in Figure 3.3.33 (b) and the K(+) and AE values shown

in Table 3.3.10. The replacement of initial wave by the new one is complete after

addition of excess anions (4.00 equivalents). Furthermore, the complexes of all ligands
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and anions show irreversible electrochemical systems. Presumably, the Fc' unit enhanced

binding with anionic species using the electrostatic interactions.

4.00E-05 -
3.50E-05 -
3.00E-05 -
2.50E-05 - — Free TOMe
-y 2.00E-05 - — 0.4 Benzoate
< 1.50E-05 1.0 Benzoate
"™ |.00E-05 - — 1.5 Benzoate
-— 2.0 Benzoate
500806 4 — 2.5 Benzoate
0.00E+00 ~
-5.00E-06 § 06
-1.00E-05 -
(a) Cyclic voltammogr. acetonitrile at 50 mV/s
1.80E-04 -
1.60E-04 - —Free L1
1.40E-04 + — 0.6 Benzoate
1.20E-04 0.8 Benzoate
— 1.0 Benzoate
g 1.00E-04 1 < — 1.2 Benzoate
= 8.00E-05 - 1/ | o — ] .5 Benzoate
6.00E-05 - W -\" — 1.8 Benzoate
4.00E-05 - § —2.0 Benzoate
= —2.5 Benzoate
RIUEANS m 4.0 Benzoate
0.00E+00 T T — T L ]
0 0.1 0.2 0.3 0.4 0. 0.6 0.7 0.8
L~ L7
(b) \&;ﬁlxnﬂt m/:ﬂcﬂ fgq(lng 60 Hz

BV 0 N7 D101

The ion-pairing associations are accompanied by adsorption phenomena according to the

poor solubility of ion pair in solution. On the other hand, when an anion forms complex

with amide ferrocenium unit, it probably blocks the electron released by the oxidation

cycle. The result was observed by a loss of reversibility of Fc/Fc' redox wave. In

contrast, cyclic voltammogram behaviors for Fc center of ligands and H,PO,4” and CI’
display small cathodic shift in Fc/Fc* redox potential (one wave behavior), indicating the



weak interaction of H,PO4” and CI” with ligands (Figure 3.3.34 and 3.3.35)
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(a) Cychie 0mV/s
1.60E-04 -
1.40E-04 -

—0.2 H2PO4
1.20E-04 iy ety
1.00E-04 - 0.6 H2PO4
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6.00E-05 A — 1.5 H2PO4
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0.00E+00 +3

] T
) iF |
(b) Square wave titration at 80 mV/s and at 60 Hz.
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2.50E-05
2.00E-05
1.50E-05 —Freeligand
—06Cl
1.0Cl
1.00E-05
< —15Cl-
— —2.0Cl

Figure 3.3.35 Titratio pand N with 0.1 M TBAPF

Considerably, the cyclic volta JUTINE eX€ ptually similar to Astruc’s
works. In principle, Kaife 1gd ghe, ing between binding states which can be
classified broadly into two gategorigs, b o y-and incremental, The binary case refers to
the situation without the affini on and the neutral ligand, but
an interaction occurring undeg cremental case refers to all

an interaction enhancement upon the he electrochemical properties of our
works are classified into.ﬂ ase bec e incremental behavior is more
suiltable for rapid interco , mo : inetic availability of the

bound species in both bim a waves upon addition of guest

molecules. As the same rationalization, we can deduce the mechanism of electrochemical

e NN NGNS

¢ - il + o/
ARANNTTRTETINY Y
K(0)||+A" +A| K(+)

| s
FeA” === FcA
bound

Scheme 3.3.2 The mechanism of electrochemical properties for complexes
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The mechanism consists of four reactions in a square path, the total Gibbs free energy
change (AG) in this cycle is thus zero. Importantly, the equilibrium is possibly
approached via 2 routes, which cannot prove the exact machanism. The clock-wise route
takes the pathway of oxidation of ferrocene unit to ferrocenium unit prior to bind with
anionic species. Otherwise, the other route was described that the neutal ligands form
complexes with anionic species and the Fe in complexes were oxidized to be Fe
species. However, we assumed the equilibrium via a clock-wise route. The stability
constant K of host/guest (1:1) complex is
in Scheme 3.3.2 where Fc and A" r.

pathematically defined by equilibrium shown

Wene unit and anions, respectively.

TAG = AGs Lo+ AG (1)

The total Gibbs free change e

By considering AG in te InK and in the case of

thermodynamic potential i

HF(Eoboqufﬁw .‘ L) " (3)

A

T

i -nF(E°bound-E°fi e)/RQ
Ke) =Kue' "*

AN ANSNI NN,
K1,.= association co i ith fer s
e VLTSRN T TR 8

) 1s a theoretically us parameter because it allows not only the

(4)

2

calculation of K, but also the evaluation of the effect of electron transfer on the
complexation. In some cases, the relationship of K,/K, is described in terms of the
binding enhancement factor or BEF.'* The stoichiometry of complexes is 1:1 between
ligand and anion however, the binding enhancement factors were evaluated at 4.0

equivalents of anions which is the saturated point observed by no more potential shifted
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further. As the former refined equation, the enhancement association constants of all

complexes were shown in Table 3.3.10.

Table 3.10 The association constants of ligands in ferricinium forms with anions

5a 5b 5e

Anions
AE | Ku |BEF| AE | Ku |BEF| AE | K, |BEF

V) V) V)

Acetate 0.08 0.130 | 189677 | 158

Benzoate 0.114 0.136 | 182631 | 200

H2P04- a a = £
cr a a - -
a; the uncertainties on AE
The stability constants measuréd by c . metry give higher K values which are
enhanced through the synerg en ) X7AH-N en bonding and electrostatic
attraction in the oxidized forms ove, the oxidized forms of ferrocene are
in ferricinium form which prefers‘-gpfgj’ Amionspecies, especially for benzoate. The
electrons on -COO" ofhnzoate are stabili ickring resulting in the stable

higher negative charge._and the el atic ring also enhanced the

electrostatic interaction WB] ferricini ording to theaychc voltammograms of the
titration between Sb and HoPQ4 and CI', thevinitial peak shifts slightly to the lower

positive potentlalﬂ' %JT%JIQO% g %@wg qﬂyiychc voltammetry are

pertinent to those B y 'H-NMR titrations. It can e concluded that all ligands are

e AR TR U1 ’1 nen Ei d

More%ver, the cation binding ability studied by cyclic voltammetry are carried out
by titrations between 5S¢ and NaClO; in acetonitrile with 0.1 M TBAPF. The potentials
were measured in the range of 0.15 V to 1.3 V. As mentioned previously, the oxidation
wave at 1.1 V belongs to aryl ether of ethyl ester groups.'**'*” This potential range is of
interest in order to study changes upon the addition of cations. Cyclic voltammograms of

titration experiments were depicted in Figure 3.3.36.
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5.00E-05
4.00E-05
3.00E-05 + —Free ligand
s — 0.6 Na
< 2.00E-05 - / ~—1.0 Na
v —1.5 Na
1.00E-05 - . —2.0 Na
= —3.0 Na
0.00E+00 7 : T ]
[\ 2 Q- 4 1.4
-1.00E-05 -
Figure 3.3.36 CV titrations aC (&muﬂe using 0.1 M TBAPF as
supporting electrolyte

,

The cyclic voltammo sarated into 2
added Na*. In the first s

1.5 equivalents showed a slight

- n ending upon the amount of
/= \\\\ ition of NaClO, from 0

, Aami .\{-\ dition of NaClO, from O to

it of '_‘ ?\1”“\. o less oxidative potential. In

- < " a\\\o\ nd 3.0 equivalents resulted in

the second set, the addition
potential shift to higher oxidatiy 1 \\
voltammogram of the free ligand ) \

the oxidative wave at 1.093 V shift ":E- = oxidative potential. (Figure 3.3.37)

_.o ote:

r, we focused on the cyclic

ithsaddifi ation (3.0 equivalent) in which

Additionally, the backward ¢ “belonging ocene unit, increased significantly

and caused the reductio p_.ﬁ_—__:w.unu.-n- Fablc-S.

T

s

IB 2
ﬂﬁtﬂ’&ﬂﬂﬂﬁﬂﬂ’]ﬂ‘i

’QW?&NﬂiﬂJ UAIAINYAY
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(a)

(b)

*\\H ,
Z7// PN
0 0 0.4 .ﬁ ’\ 2 14
A :: \\ Smplex of 5S¢ with Na* (b) in

Figure 3.3.36 Cyclic votammograms of

acetonitril with 0.1 M TBAPF T

Table 3.3.11 The ipu/ipe afic ne ot ad

ddition of NaClO4

T e —

il ] |
1.0:0 2.005

ol T8 ANEVS NBNS

qwr]é 1010, ¢ 1637 '_1 auﬂ

1.31
1.0:2.0 1.267
1.0:3.0 1.159

According to the movement of the oxidation wave at 1.1 V to higher potential upon
adding excess NaClOy, it may imply that the aryl ether units of Sc in the presence of
NaClO, are oxidized harder than those of 5¢ in the absence of NaClO, since the cation
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binding at ethyl ester groups destabilize the aryl ether units in their oxidized forms.
Additionally, the decrease of oxidatized species reduced the deposition on the surface of
the electrode and resulted in the increase of the backward currents belonging to the
ferricinium unit. From the results of cation titration by cyclic voltammetry, it supported
the results from electrospary ionization mass spectroscopy that Sc¢ has ability to bind
cation, even weak interactions. Unfortunately, the effects of cation towards anion
recognition cannot be carried out by cyclic voltammetry because no changes upon

addition anions in the presence of NaClO, took place obviously and the precipitate

ﬂ‘HEI’J'VIEWIﬁWEI’]ﬂ‘i
’QW'WNT]‘?EU UAINYAY
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